Self-assembled monolayers of biphenyl-3,4',5-tricarboxylic acid (BPTCA) on Au(111)/mica substrates modified by under-potential deposited layers of Cu and Ag were studied by scanning tunneling microscopy under ambient conditions as well as by synchrotron based Xray photoelectron spectroscopy and near-edge X-ray absorption fine structure spectroscopy.
INTRODUCTION
Aromatic carboxylic acids are widely used components of supramolecular self-assembled systems, in particular of 3D metal-organic frameworks (MOFs) where they constitute versatile organic linkers. 1 On solid supports they have been investigated as building blocks for 2D supramolecular networks, where the plane of the aromatic system is orientated parallel to the surface. [2] [3] [4] [5] In contrast, studies on the assembly of such molecules on solid supports in a non-flat adsorption geometry are scarce even though this is of interest for accessing the third dimension, as in the layer-by-layer growth of thin film MOFs from a modified surface (SURMOFs) where carboxylic acid moieties provide convenient coordination points for metals. [6] [7] [8] The 2D self-assembly of molecules of aromatic carboxylic acids in plane with the substrate has been investigated in great detail under ultra-high vacuum (UHV) conditions mainly on metal surfaces such as Au, Ag and Cu [2] [3] [4] [5] but more recently also on non-metallic surfaces such as TiO 2 9 and CaCO 3 . 10 On metals instances of deprotonation of the carboxylic acid group have been reported on more reactive surfaces such as Cu [11] [12] [13] [14] [15] [16] [17] [18] or Pd 19 . However, for deprotonation to occur on an inert surface such as Au or Ag, an additional driving force is usually required, for example elevated temperatures [20] [21] [22] or the presence of promoting metal adatoms such as Cu or Fe. [23] [24] [25] [26] [27] When deprotonation does occur, either the molecules maintain a flat-lying geometry or undergo a transition to an upright orientation with the bonding to the surface through a COO -group, [12] [13] [14] 16 thus, resulting in a coexistence of upright and flat-lying molecules.
In comparison to UHV, there are fewer reports of aromatic carboxylic acids adsorbed on a surface from solution-based processing. Like in UHV, the focus has been on in-plane structures [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] with structural motifs based on benzene-1,3-dicarboxylic acid (isophthalic acid, IPA), benzene-1,3,5-tricarboxylic acid (trimesic acid, TMA) and higher homologues being of particular interest due to their ability to form extended networks and/or exhibiting random tilings and analogies to glasses. Studies of layers where molecules adopt an upright orientation and exhibit a dense packing are scarce and only comprise alkoxy substituted aromatic monocarboxylic acids [39] [40] as well as IPA and TMA. [41] [42] [43] In these cases reactive substrates such as Ag and Cu were used, which the molecules bind to via carboxylate-metal coordination bonding. On less reactive surfaces such as gold, an upright orientation can be achieved under an electrochemical environment when sufficient positive potential is applied to a Au electrode to induce deprotonation of the carboxylic acid moiety. [44] [45] [46] [47] A comparative study of TMA on Au(111)/mica substrates, modified by underpotential deposited (UPD) Cu and Ag layers, revealed fundamental differences in the film structures for the two substrates. 41 The pronounced influence of the substrate on the balance of intermolecular and molecule-substrate interactions gives rise to an inversion of the molecular orientation, which is reflected by a bipodal and monopodal adsorption geometry on Cu and Ag, respectively. To advance our understanding of the self-assembly of aromatic carboxylic acids at the liquid/solid interface, biphenyl-3,4',5-tricarboxylic acid (BPTCA, Scheme 1), an analogue of TMA, was investigated. This compound has been of interest for metal-organic frameworks (MOFs) [48] [49] [50] [51] [52] [53] [54] [55] where the unsymmetrical substitution pattern yields an unusual structure, combining different coordination bonding motifs 48 . On surfaces like those of Cu and Ag it is anticipated from our study of TMA 41 that BPTCA can coordinatively bind in either a bipodal or monopodal fashion depending on whether the isophthalic or benzoic acid part of the molecule faces the substrate. However, it is not clear a priori how, as compared to TMA, the additional benzene ring affects the assembly kinetics and energetics of the layer, and whether the lower symmetry of the molecule gives rise to changes in the adsorption geometry.
To address these questions we studied the solution-based self-assembly of BPTCA on Au(111)/mica substrates modified by UPD layers of copper and silver using a combination of microscopy and advanced X-ray spectroscopies.
Scheme 1.
Structures of biphenyl-3,4',5-tricarboxylic acid (BPTCA) investigated in this study and related molecules, benzoic acid (BA), isophthalic acid (IPA) and trimesic acid (TMA).
EXPERIMENTAL METHODS

Sample Preparation.
Materials. Biphenyl-3,4',5-tricarboxylic acid (96%, Sigma-Aldrich), AgNO 3 (99.9999%, Sigma-Aldrich), HNO 3 (70%, 99.999+% purity, Sigma-Aldrich), CuSO 4 ·5H 2 O (99.999%, Sigma-Aldrich), KCl (≥99.5%, Fluka) and ethanol (AnalaR Normapur) were used as purchased. Au substrates (300 nm epitaxial Au(111) layer on mica wafer, Georg Albert PVD, Heidelberg, Germany) were annealed using a natural gas flame before underpotential deposition of Ag or Cu was carried out.
UPD and SAM Formation. For Ag, Au/mica was immersed in 10 mM AgNO 3 in 100 mM HNO 3 (aq) and a potential of 10 mV (vs. Ag/Ag + ) was applied to the substrate for 2 minutes.
This yields full coverage of a stable bilayer of silver atoms which follow the fcc stacking sequence of the underlying Au(111) substrate. [56] [57] [58] For Cu UPD, an incommensurate "(5×5)" Cu structure is formed by immersing Au/mica in 25 mM CuSO 4 + 5 mM KCl (aq) and applying a potential of 200 mV (vs. Cu/Cu 2+ ) for 1 minute. [59] [60] [61] For SAM formation on Ag, the substrate was immersed in a 0.5 mM solution of surfactant molecule for 1 hour at 65°C. Since BPTCA is poorly soluble in pure water, a 1:1 mixture of H 2 O and EtOH was used. After the immersions, the substrate was removed and thoroughly washed with EtOH before being dried using a flow of N 2 (g). On Cu, the substrate was immersed in 4mM BPTCA (aq) at 120°C for 1 hour in a sealed vial. The solution containing the substrate was then allowed to cool at room temperature for 15 minutes before the substrate was removed, thoroughly rinsed with EtOH and dried using a flow of N 2 (g).
Characterization.
Both samples were characterized at room temperature by scanning tunneling microscopy (STM) and by synchrotron based X-ray photoelectron spectroscopy (XPS) and near-edge Xray absorption fine structure (NEXAFS) spectroscopy. 
STM. STM imaging was carried out using a Molecular
XPS and NEXAFS.
The measurements were performed at the bending magnet beamline D1011 at the MAX II storage ring of the MAX IV laboratory in Lund, Sweden. The XP spectra were collected using normal emission geometry at photon energies of 350 eV and 580 eV, depending on the binding energy (BE) range. The BE scale of every spectrum was individually calibrated using the Au 4f 7/2 emission line of the Au substrate at 84.0 eV. 62 The energy resolution was better than 100 meV.
The XP spectra were fitted by symmetric Voigt functions using either a Shirley-type or a linear background, depending on the spectral range and primary photon energy. The fits were conducted self-consistently, using similar peak parameters for identical spectral regions.
The acquisition of the NEXAFS spectra was carried out at the C and O K-edges in the partial electron yield mode with retarding voltages of 150 and 350 V, respectively. Linear polarized light with a polarization factor of 95% was used. The energy resolution was better than 100 meV. The incidence angle of the light was varied from 90° (E-vector perpendicular to the surface) to 20° (E-vector near surface normal) to determine the orientational order in the BPTCA films. This approach is based on the dependence of the cross-section of the resonant photoexcitation process on the orientation of the electric field vector of the synchrotron light with respect to the molecular orbital of interest (so-called linear dichroism in X-ray absorption). 63 Raw NEXAFS spectra were normalized to the incident photon flux by division through a spectrum of a clean, freshly sputtered gold sample. The photon energy (PE) scale was referenced to the pronounced * resonance of highly oriented pyrolytic graphite at 285.38 eV.
64
Calculations
To assist the interpretation of STM images, DFT calculations of the isolated molecules were performed using Gaussian 98W. 65 After energy minimization using B3LYP/G6-31+(d,p) which yields a structure with a twist angle between the two phenyl rings of about 40°. For the orbital calculations the twist angle was adjusted to 20°. The choice of this geometry was motivated by the arrangement of the molecules in the layers such that the dimensions of the different H-bonds between carboxylic acids groups were in the same range.
RESULTS AND DISCUSSION
STM
BPTCA on UPD-Ag: Adsorption of the molecule on silver at room temperature or slightly elevated temperatures yields layers as presented in Figure 1 . The large scale image ( Figure   1a ) shows a highly structured surface with, however, no obvious long range order. Higher magnification (Figure 1b ) reveals that short striped features appearing bright coexist with darker, usually featureless patches. This morphology is not significantly dependent on the adsorption time which was varied between a minute and one hour. Analyzing high resolution images such as the ones shown in Figures 1c and 1d , three levels of tunneling contrast are observed. Mainly, protrusions arranged in straight or bent rows are seen with an intrarow separation of about 3.5-4 Å and an interrow distance of 9-10 Å. These are mixed with isolated protrusions appearing higher by 1-1.5 Å and small patches appearing lower by 3-4 Å, respectively. The short intrarow distance of the protrusions implies that the rows consist of upright standing molecules. While it was difficult to observe any features in the dark patches, a row structure could be resolved in cases where the patches are sufficiently large (see inset of Figure 4d ), even though we were not able to clearly identify an intrarow structure. Based on the substantial height difference between the rows we suggest that the features in the patches arise from flat lying molecules.
A closer look at high resolution images such as Figure 1c reveals different arrangements of the molecules, which are described by a rectangular and oblique unit cell, respectively. The former arises from the in phase arrangement of the molecules in adjacent rows (marked by dashed white lines) and is the dominating structure for samples prepared at room temperature.
The latter represents the smaller fraction and is defined by a shift between neighboring rows as highlighted by the solid white lines in Figure 1c . We exclude that they originate from contamination since their occurrence and concentration does not depend on whether BPTCA is used as purchased or recrystallized before use. The intra-and interrow distances amount to 3.5-4 Å and 9-10 Å, respectively, as inferred from the corresponding height profiles depicted in Figure 2b . While these are the same dimensions as observed for the room temperature sample there is a decisive difference between them. For the sample prepared at elevated temperature only the oblique unit cell is observed in areas where rows are well aligned. This structure exhibits two characteristic features which are revealed in high resolution images such as the one seen in Figure 3a . The first feature is the occurrence of streaks between two protrusions orientated at an angle of about 55°, approximately along the long side of the unit cell shown. The other one is the elongated shape of the protrusion with the long axis aligned with the direction of the height profile B, i.e., rotated about 55°-60° vs. the molecular rows. We note at this point that the tunneling contrast can significantly vary due to tip changes as highlighted by the inset in the image of Figure 3a in which these features are barely seen. They are, however, not imaging artifacts due to particular tip geometry as proven by scanning with a rotated scan direction and by their appearance in differently orientated domains. They will be addressed in more detail below when discussing structural models. Figure 4a with, at best, some small isolated patches where a row structure is discernible. Since variation of the parameters, i.e., temperature, concentration and the EtOH/H 2 O ratio did not improve the results, preparation from pure water was attempted.
At room and elevated temperatures images like Figure 4b were obtained, which lack any row structure but, instead, showed Y-shaped features which are randomly oriented and can be assumed to represent flat lying molecules. Since for TMA such a flat lying structure has not been observed [41] [42] [43] we suspected that the additional benzene ring of BPTCA might shift the equilibrium from the tilted geometry observed for TMA towards the flat lying phase due to the additional interaction of the second aromatic ring with the substrate. Indeed, upon a further significant increase in the preparation temperature, islands exhibiting the row structure familiar from TMA started to form and, within a rather narrow temperature range of about 10°C, a pronounced improvement in the film structure was observed, as evident from the comparison of Figures 4c and 4d. However, even at 120°C the fraction of the areas showing darker contrast remained significant and, notably, increased again for temperatures beyond this value. The homogeneity of the layer was successfully improved by increasing the concentration of BPTCA. Using a 4 mM solution, uniform SAMs such as the one shown in Figure 5 were obtained with well-defined domains of BPTCA, typically about 400-500 nm 2 in size. In contrast to the structure found on the Ag UPD layer, the rows on the pseudomorphic Cu-UPD layer are well aligned with the <112> directions of the Au substrate.
A quantitative analysis of the intrarow distances yields 5.2±0.3 Å and the average value for the interrow distance is 9.0±0.3 Å, which suggest that the molecule forms a SAM isostructural to the one reported for TMA on Cu-UPD/Au(111). A number of points are noteworthy here, which will be crucial in the discussion of the structural models below. Firstly, with adjacent rows shifted against each other as seen from the high resolution image in Figure 5c , the structure is described by a rectangular 6×√3 unit cell containing two molecules. Secondly, unlike TMA where the interrow distance can adopt three different values, all rows are equally spaced by three Au-Au distances. Thirdly, the structure of the BPTCA SAM is independent of the details of the UPD layer, which can be prepared with different packing of the Cu atoms and adsorbed anions. 59, [66] [67] A chloride terminated (5×5) Cu-UPD structure yields the same results as BPTCA and trimesic acid on a sulfate terminated (1×1) and (√3×√3) Cu-UPD substrate. 
41-43
XPS
Since the differences between the Ag and Cu modified gold substrates observed in the STM images resemble those of TMA [41] [42] samples of the quality shown in Figures 2 and 5 were analyzed by XPS in order to elucidate the bonding configurations. The C 1s spectra ( Figure   6 ) contain emissions characteristic of free COOH (~288 eV) and COO -groups (~287 eV).
The signal of the aromatic rings appears at 284.1-284.5 eV together with a small additional peak shifted to higher binding energies. This spectral feature at binding energies higher than the main peak has also been observed in other types of biphenyl based SAMs [68] [69] [70] [71] and is interpreted to arise from chemically shifted carbon bonded to electronegative atoms such as sulfur or oxygen, and/or shake-up transitions. 72 For BPTCA we favor the latter as no chemical shift of the ring carbon is expected. For the purpose of analysis, all spectra were fitted with these four components. For a consistent set of fits the peak width and positions were fixed for all but the large signal and the results are compiled in Table 1 . It is noted that for the Ag substrate a satisfying fit of the carboxylic acid signal requires a larger peak width than for Cu, which is interpreted to result from the different environments of the COOH moieties in the respective SAMs, as discussed in more detail below. For the main emission associated with the biphenyl unit, a small substrate dependent shift of ~0.25 eV is observed, giving a slightly higher binding energy for this component on Ag.
This effect, which is also observed for trimesic acid on Ag and Cu modified gold substrates, 41 can be explained by the differences in the packing densities of each monolayer, as revealed by the STM images. Essentially, the same difference is observed for the free COOH group whereas, interestingly, there is no indication of a substrate dependent shift of the carboxylate signal.
Looking at the intensity ratios of the individual emissions one finds a clear dependence on the photon energy. For the photon energies used the escape depth of the C 1s photoelectrons is rather small and varies significantly with photon energy, thus, resulting, on the one hand, in a pronounced deviation of the C 1s signal from the stoichiometric values but, on the other hand, in providing qualitative structural information. Due to the small carboxylate signals, the precision of the values given is limited. However the intensity ratios, nevertheless, reveal certain trends. In particular, on both substrates the COOH/COO -ratio is significantly lower for a photon energy of 580 eV compared to 350 eV. Since the photoelectron signal is less attenuated at higher kinetic energy of the photoelectrons, the change in the ratio is consistent with the carboxylate being buried at the SAM-substrate interface and the COOH forming the outer surface of the monolayer. Notably, the change of the ratio with photon energy is smaller on Ag than on Cu, which supports the interpretation that, in analogy to trimesic acid 41 , BPTCA forms SAMs with a bipodal and monopodal adsorption geometry on Cu and Ag, respectively. With only one carboxylate binding to the substrate in the case of Ag, the change is expected for stoichiometric reasons to be less than on Cu with two carboxylates per molecule.
The principal difference in the adsorption geometries of BPTCA on Cu and Ag becomes even clearer when looking at the O 1s XP spectra shown in Figure 7 . The experimental data are well described by three components representing the carboxylate (~530.7 eV), carbonyl (~531.5 eV) and hydroxyl (~532.9 eV) oxygens. 23, 41, 73 In fitting these components, the hydroxyl and carbonyl oxygens of the free carboxylic acid groups have been set to the stoichiometric ratio of 1:1 and the COO ‾ signal was fixed in position and width to 530.7 eV and 1.1 eV, respectively. The results are compiled in Table 2 . Similar to the C 1s signal, the emissions related to the free COOH exhibit substrate dependent peak widths which, once more, reflect structural differences in the films. We note that on Cu a reasonable fit (even though a good than the one shown in Figure 7 ) can also achieved with an equal width of both peaks but on Ag different values are required. This is in line with the similar behaviour of the C1s signal of the COOH moiety discussed above and further corroborates that the environment of the COOH group is less homogeneous on Ag than on Cu (vide infra). Another obvious difference is the pronouncedly higher intensity of the carboxylate peak for BPTCA on Cu compared to Ag, which is further evidence of the bipodal bidentate anchoring on the copper UPD surface compared with a monopodal bidentate geometry on Ag. Assuming upright standing molecules and neglecting differences in molecular tilt and packing density, a simple calculation lends additional support of the structural differences.
For the monopodal geometry on Ag, a value of 2 is expected for the COOH/COO ‾ oxygen ratio. Assuming that the COOH is located at the outer SAM surface and, thus, its signal is not attenuated, the observed significantly larger ratio of 2/0.21 = 9.5 arises from the attenuation by a factor of 4.8 of the photoelectrons from the carboxylate moieties buried at the SAMsubstrate interface. In contrast, on Cu with two carboxylate moieties and one COOH group at the buried and outer interface, respectively, the stoichiometric COOH/COO-ratio is 0.5. The observed value of 2/0.77 = 2.6 yields an attenuation factor of 5.2 which, considering the crudeness of the model, is considered to be in a good agreement with the above value. It is noted that in the case of BPTCA the intensity ratio of the carboxylate oxygen and the C-OH/C=O signals is significantly smaller compared to the analogue TMA 41 because of the stronger attenuation of the carboxylate signal from the buried SAM-substrate interface by the additional benzene ring. In summary, the XPS data corroborate the analogy between TMA [41] [42] and BPTCA with respect to the substrate dependent bonding configuration.
NEXAFS
The C and O K-edge NEXAFS spectra of BPTCA on both copper and silver are compiled in Figure 8 . The spectra acquired at an X-ray incident angle of 55° ("magic angle") are shown on the left and the 90°-20° difference spectra are given on the right. The "magic angle" spectra probe the unoccupied orbitals of the molecules in the SAMs without any contributions arising from the effects of the orientation of the molecules. These effects are revealed by examining the differences in the spectra acquired at X-ray incident angles of 90°a nd 20°. The presence of molecular orientation in the system being studied is then exhibited by the occurrence of pronounced difference peaks at the positions of the absorption resonances. This is indeed the case for the BPTCA films on both Ag and Cu, indicating a high orientational order in these monolayers. difference of the spectra recorded at 90° (normal incidence) and 20° (grazing incidence).
The main resonances dominating the 55° C K-edge spectra on both copper and silver modified surfaces can be assigned to transitions into the unoccupied π * orbitals of the biphenyl system (~285 eV) and the carboxylate/carboxylic acid groups (~288 eV) of BPTCA. 63, 74 In the O K-edge spectra, the sharp pre-edge resonance can be assigned to transitions into the π * orbital of the carboxylate/carboxylic acid groups (~531 eV). It is noted that the resonances associated with COOH moieties comprises contributions from both COOH and COO -. Furthermore, since more than one moiety of both the carboxylic acid groups and the aromatic rings contribute to the respective signals, the experiment yields an average value. However, due to the attenuation of the electrons, which is weaker than in the XPS case but still considerable, 75 the individual moieties might contribute to a varying extent, depending on their locations within the layer.
Both C K-edge and O K-edge 55° spectra of BPTCA show no significant differences on Cu as compared to Ag. In contrast, the 90°-20° difference spectra for these two substrates are distinctly different. Indeed, the peaks for the SAM on silver appear with a positive intensity, while on copper it is negative. This pinpoints a substantial substrate dependence of the molecular orientation.
The quantitative evaluation of the entire set of the NEXAFS spectra gives the average orientation of the transition dipole moments (TDMs) of the most relevant molecular orbitals.
The resulting values, compiled in Table 3 , suggest significant differences in the orientation of the TDMs for the two substrates, whereas the differences between the TDMs of the aromatic rings and the carboxylic acid moieties for each system are minor. Interestingly, for the COOH/COO -groups the values from the C and O K-edges are essentially identical on Ag whereas they diverge slightly more on Cu. However, for the latter the difference is about half as big as reported for TMA.
The correlation of the TDMs with the molecular orientation is, in general, not trivial. Even though the directions of the TDMs are well defined by the respective functional units (perpendicular to these units due to the π* character of the molecular orbitals involved), it is not straightforward because of the conformational degrees of freedom of the molecule described by various twist angles  n , which are defined in Figure 9a . On Ag where a monopodal adsorption geometry is realized, the similarity of the orientation of the TDMs of the carboxylic acid groups and the aromatic rings indicates that the molecules are adsorbed in an essentially coplanar conformation. With a tilt angle of the TDMs of about 60-65°from the surface normal this seems at first glance homologous to TMA 41 and would be described by the symmetric configuration shown in Figure 9b . However, for BPTCA there is another possible monopodal adsorption geometry, which is the asymmetric configuration depicted in Figure 9c and which, as discussed in detail below, is thought to be realized. In either case, the molecule stands rather upright with the tilt angle  amounting to 25-30°.
On Cu the TDMs are orientated more towards the surface normal, i.e., the molecules are more tilted compared to Ag. Contrasting the monopodal geometry on Ag where, in principle, 
Structural Models
BPTCA on Cu:
The commensurate row structure with rows aligned along the <112> direction of the substrate (see Figure 5) is characteristic of the bipodal adsorption geometry of isophthalic acid. Obviously, the additional phenyl ring in BPTCA does not result in a fundamental change of the layer structure compared to the smaller analogues such as IPA or TMA 42 and thus confirms that due to the strong Cu-carboxylate bond the substrate lattice which, incidentally, is the same widely observed for the sulfur head group in thiol SAMs. [76] [77] In this context it is noted that an adsorption geometry where the molecules bind in a bipodal geometry through the carboxylic acids groups in 3 and 4' position can be excluded. It would be sterically more demanding and, thus, would result in a larger interrow distance than observed. Furthermore it yieldw a lower density of the carboxylate groups compared to the IPA configuration which is enthalpically unfavourable.
While the IPA/TMA and BPTCA layers exhibit the same interrow separation and distance of the molecules along the rows, the different size of the molecules, nevertheless, gives rise to differences at a more detailed level. Characterized by a 6×√3 unit cell, BPTCA follows a regular pattern due to a shift of half the intermolecular distance between adjacent rows and a single value for the interrow spacing (8.67 Å) as evidenced by the high resolution image of However, we favor the rotated geometry at this point as this matches the high resolution STM images such as the one of Figure 5c , which shows structural features orientated at an angle of about 75°rather than 90°relative to the row axis.
The last point we would like to address for the BPTCA monolayer on Cu-UPD is the question of the striking difference in the preparation conditions compared to IPA/TMA SAMs which form easily at room temperature. Considering the lack of knowledge about the SAM-substrate interface, we stress the speculative nature of our reasoning. The high temperature required strongly suggests that a significant activation barrier has to be overcome in order to form an ordered layer. To be incorporated into a domain, the sterically more demanding BPTCA molecule is likely to impose more stringent conditions on the diffusion of the two coupled carboxylic acid groups compared to IPA/TMA. The reduction to less favorable pathways and/or the generation of kinetic traps would have to be compensated by a higher temperature. While the higher temperature facilitates formation of ordered domains it shifts the chemical potentials towards the solution phase by increasing the solubility of the substance. This effect might even take over at one point, thus, decreasing again the film quality, which is indeed observed in our experiments. This argument is also supported by the fact that an increase in concentration significantly improves the quality of the layer as evidenced by Figures 4d and 5b . The surprisingly narrow temperature range for the formation of the BPTCA layer is, therefore, the result of a superposition of a kinetic and a thermodynamic effect. The two free carboxylic acid moieties of the BPTCA molecule enable intermolecular interactions through hydrogen bonding. Similar to TMA studied previously, 41 this represents a substantial enthalpic contribution, which adds to the one arising from the interactions between the aromatic rings. The crucial influence of the H-bonding is also in accordance with the fact that, unlike on UPD-Cu, the structure is not as well defined on a large scale with bends in the rows and variations in the interrow distance frequently occurring (see Figure 1 ).
As known from bulk crystal structures there is a considerable variability in the geometries involving H-bonding in aromatic carboxylic acids, 79 which is consistent with the interpretation that the energy hypersurface of the BPTCA layer contains a manifold of local minima.
Compared to TMA, BPTCA has additional degrees of freedom which are the torsion angle  1 of the two phenyl rings (see Figure 9 ) and, due to the lower symmetry of the molecule, two distinctly different possibilities for the adsorption geometry, denoted as sym and asym (see Figure 9b ,c). For the more symmetric configuration (Figure 9b ) which is the one analogous to TMA, the 4-4' axis defines the molecular tilt. For the asymmetric adsorption geometry ( Figure 9c ) the tilt angle is defined by the 3-6 axis. In order to correlate the STM image with the film structure, we make the reasonable assumption that at the rather low tunneling currents used in this study the outer surface of the layer is imaged. 80 Since at the bias applied tunneling is non-resonant, a further simplifying assumption is made, which is that the lowest unoccupied molecular orbital (LUMO)
dominates the tunneling. [81] [82] It is noted that the molecular orbitals are based on calculations of the isolated neutral BPTCA molecule, i.e., no bonding to the substrate is taken into account. The rationale behind this is that for upright standing molecules the MOs of the molecule should not be fundamentally affected by the comparably weak BPTCA-Ag coupling.
For the sym configuration, the structural model and the LUMO are shown in the top right corner of Figure 11b . The molecular fragments have been positioned such that the biggest and outermost lobe of the LUMO, which is the  orbital located at carbon atom 4, matches the bright protrusion. For the azimuthal alignment the ring plane is orientated parallel to the direction a. As can be seen, there is only partial agreement between the model and the experiment. In particular, the model does not well reproduce the pattern of the dark ellipses and lines connecting the molecular rows. This, in addition to the large OH···O distances mentioned above, motivated the consideration of the asym configuration as defined in Figure   9c . In this case there is no gap between the molecular rows and the OH···O distances, which are in the range of 2.2-2.4 Å and match the dimension typical for H-bonding in carboxylic acids. It is worth noting that the exact value depends on how much the second aromatic ring is rotated against the IPA ring. The course of the LUMO in this asymmetric arrangement matches the image significantly better than the symmetric configuration. Since the asym configuration is in perfect agreement with the dimensions of hydrogen bonding and is in good agreement with the tunneling contrast we suggest that this is the geometry realized for the BPTCA. We finally note two points. Firstly, the asym configuration involves a complex interaction between the COOH groups whereas on Cu the free COOH group is rather isolated which is consistent with the observed that in the fits of the C-OH and C=O peaks ( Figure 7 , Table 2 ) substantially different fwhm values are required for Ag but not for Cu. Secondly, this geometry could also explain the bright protrusions observed (e.g. see Figure 2b ) if it is assumed that these are molecules trapped in a sym configuration. Figures 9b and 9c illustrate that the sym arrangement extends further than the asym one.
CONCLUSIONS
The present study of BPTCA consolidates the pronounced substrate dependence of the monolayer assembly of aromatic carboxylic acids first observed for trimesic acid 41 and the isophthalic acid moiety as a base unit on UPD-Cu substrates. 42 The bipodal adsorption geometry reflects the fact that the dominating contribution to the enthalpy of formation of the SAM comes from the molecular-substrate interaction. Therefore, the major force driving the self-assembly is the maximization of the density of carboxylate-metal coordination bonds.
The symmetry of the isophthalic acid moiety enforces a characteristic row structure where the intrarow and interrow distances are determined by the periodicity of the molecule-substrate corrugation potential and the footprint of the isophthalic acid moiety. Thus defining the molecular packing this also determines to what extent the carboxylate groups are forced into an energetically unfavorable conformation out of plane of the aromatic ring, which is required to realize the bidentate coordination geometry.
Depending on the substitution in the 5-position of the isophthalic acid moiety, additional factors play a role which affect both the kinetics of film formation and details of the row structure. Steric requirements account for the latter whereas the former is reflected in a striking difference in the preparation temperature of TMA and BPTCA SAMs. Furthermore, a surprisingly narrow temperature window exists for the BPTCA SAM to form which we believe arises from a combination of kinetic and thermodynamic factors.
The UPD-Ag substrate, where the intermolecular interactions dominate over the molecule substrate interactions offers, on the one hand, the opportunity of flexibility in the design of SAMs of coordination bonded molecules. On the other hand, for these 2D systems one is faced with polymorphism analogous to bulk supramolecular structures. This is illustrated by the example of BPTCA which, depending on the preparation conditions, can exhibit different and/or coexisting adsorption geometries. As BPTCA illustrates, a systematic variation of the SAM structure through changes of the molecular architecture might be less straightforward to predict on Ag compared to Cu, unless the molecule exhibits a highly symmetric structure.
The bipodal adsorption geometry on UPD-Cu and the monopodal one on UPD-Ag, i.e., the substrate dependent preference of the isophthalic acid or benzoic acid binding motif, realized 
